INTRODUCTION
Although neural tube defects are among the most common developmental abnormalities, and more than 200 genes have been implicated in this process in mouse genetic models (Harris and Juriloff, 2010) , the molecular and cellular events that regulate neural tube closure are poorly understood. The development of the vertebrate central nervous system is a complex process that involves a number of distinct steps. Initially, neural tissue is specified in dorsal ectoderm by secreted factors that are produced by the Spemann organizer (De Robertis and Kuroda, 2004) . During gastrulation, neuroectoderm progenitors exhibit complex morphogenetic behaviors to conform to the main embryonic body plan (Gray et al., 2011; Keller et al., 1992a; Poznanski et al., 1997) . As development proceeds, apical constriction of neuroepithelial cells, cell intercalations and dorsal convergence drive the appearance of bilateral neural folds and their fusion (Colas and Schoenwolf, 2001; Davidson and Keller, 1999; Keller, 1991; Schroeder, 1970; Suzuki et al., 2012; Wallingford et al., 2013) . Taken together, these cell behaviors are the main contributors to morphogenetic movements underlying vertebrate neurulation.
One of the crucial regulators of neural tube closure is nonmuscle myosin II (Rolo et al., 2009; Tullio et al., 2001) . Both intercalatory and constricting cell behaviors require reorganization of many cytoskeletal components and involve dynamic changes in myosin II localization and activity (Lecuit et al., 2011; Rauzi et al., 2010; Vicente-Manzanares et al., 2009) . Myosin II controls the contractile force by binding to, and sliding along, actin filaments. Myosin II has also been implicated in a variety of cellular processes -such as cell junction stability, nuclear movement, apical-basal protein targeting -yet there is limited understanding of how myosin II is selectively recruited to perform these specific tasks. Similar to myosin II, small Rho GTPases play essential roles in vertebrate neurulation (Habas et al., 2003; Habas et al., 2001; Hall, 2005; Jaffe and Hall, 2005; Kinoshita et al., 2008) . The existence of at least 70 vertebrate guanine nucleotide exchange factors (GEFs) that are related to Dbl (also known as MCF2), which are activators of Rho GTPases, with unique spatiotemporal expression, subcellular localization and diverse specificities presents a significant challenge for studies of the regulation of Rho GTPases in the context of the whole organism (Rossman et al., 2005) .
Only a few of the existing RhoA-specific GEFs have been assigned specific developmental functions. The mesodermspecific WGEF (also known as ARHGEF19) (Tanegashima et al., 2008) and ubiquitous Net1 (Miyakoshi et al., 2004) have been implicated in convergent extension movements. The Rho GEF Trio functions in neural crest migration (Kashef et al., 2009 ) and apical constriction during optic lens pit invagination (Plageman et al., 2011) . In Drosophila, RhoGEF2 is essential for the apical constriction that is associated with tissue invagination during gastrulation (Barrett et al., 1997; Häcker and Perrimon, 1998; Kölsch et al., 2007) . Although vertebrate neurulation is likely to involve many GEFs, at present, only PDZ-RhoGEF/ ArhGEF11 has been implicated in this process in the chicken (Nishimura et al., 2012) . In zebrafish embryos, ArhGEF11 morphants do not exhibit defects in neural tube morphogenesis (Panizzi et al., 2007) , raising a question as to whether this protein has a conserved role in neural tube closure. In-depth analysis of individual GEF proteins is therefore essential for further understanding of the morphogenetic mechanisms that underlie vertebrate neurulation.
GEF-H1/Lfc/ArhGEF2 is a microtubule-binding Dblhomology-domain GEF that is specific for RhoA Glaven et al., 1999; Krendel et al., 2002; Ren et al., 1998) . In cultured mammalian cells, GEF-H1 has been implicated in cell adhesion (Birukova et al., 2006; Chang et al., 2008) (Yamahashi et al., 2011) , cell migration (Heasman et al., 2010; Nalbant et al., 2009; Tsapara et al., 2010) , cytokinesis (Birkenfeld et al., 2007) , junctional communication (Aijaz et al., 2005; BenaisPont et al., 2003; Guillemot et al., 2008) and vesicular trafficking (Pathak et al., 2012) . Despite these crucial roles of GEF-H1 in regulating cell shape and behavior in vitro, its involvement in morphogenetic processes in vivo has not been investigated. Because GEF-H1 RNA is expressed in the early ectoderm, and the neural plate, of Xenopus embryos (Morgan et al., 1999) , we investigated a possible role for GEF-H1 in neurulation. In this study, we demonstrate that depletion of GEF-H1 from Xenopus embryos interferes with morphogenetic cell movements, including cell intercalation and apical constriction, thereby leading to neurulation defects. In gain-of-function studies, overexpression of GEF-H1 efficiently induces Rho-associated kinase (ROCK)-myosin-II-dependent apical constriction in embryonic ectoderm and stimulates the protrusive activity of deep ectoderm cells. These observations reveal an important role for GEF-H1 in morphogenetic events that accompany vertebrate neural tube closure.
RESULTS

Depletion of
Xenopus GEF-H1 results in neural tube closure defects GEF-H1 RNA is expressed in the neural tissue of Xenopus embryos (Morgan et al., 1999) , indicating a possible function rescued the neural fold defect that was caused by GEF-H1a MO. The dorsal view is shown, anterior is to the top. Arrows point to the neural folds. (E,F) Neural fold morphology in stage-17 (st 17) embryos that had been injected with CoMO (40 ng) (E) or GEF-H1 MO (F) (40 ng) was visualized by using b-catenin staining (green). Membrane-associated RFP RNA (160 pg) (F) marks the injected side of the embryo. N, notochord; S, somite. Tissue boundaries are demarcated by broken lines. Arrowhead points to constricting cells, * lack of apical constriction. (G,H) Constricted cell morphology in the cross-sections of neurula embryos (stage 15) that had been unilaterally injected with GEF-H1 MO (40 ng). (G) control (co) embryo. (H) GFP (green) is a lineage tracer, (H9) red channel only of H. The broken lines in G and H9 show the cell boundaries. M, midline position, dorsal is at the top. Arrows point to constricting cells, * lack of apical constriction. (I) Quantification of neural fold defects caused by the injection of GEF-H1a MO and the rescue with human or Xenopus GEF-H1 RNA. Morpholino oligonucleotides and RNAs were injected at the indicated doses. Neural tube defects were scored at stages 16-18 as described in supplementary material Fig. S1 . The number of embryos that were scored is shown along the top. (J) Quantification of cell shape in superficial neuroectoderm from GEF-H1-MO-injected or control uninjected sides. Results are expressed as the ratios of apical-basal length over the apical width (ABL/AW) in four to six superficial cells that were located adjacent to the midline. Means6s.d. are shown. Cells were scored in 8-11 sections from three embryos, with the total cell number shown on top of each group. Statistical significance was assessed by using Student's t-test, P,0.0001. Scale bars: 100 mm (E); 20 mm (G).
during neural tube formation. To study the developmental roles of GEF-H1, we depleted the Xenopus GEF-H1 protein with antisense morpholino oligonucleotides. Because there are two Xenopus laevis GEF-H1 cDNAs (a and b, see Materials and Methods), which differ in their 59-untranslated sequence and several N-terminal amino acids, we used morpholino oligonucleotides that targeted different sequences. Using the morpholino oligonucleotides GEFH1 MO and GEF-H1a MO, which both targeted the GEF-H1a isoform, we observed dosedependent neural fold defects in embryos that had been unilaterally injected with both morpholino oligonucleotides compared with the control siblings ( Fig. 1A -C,F; supplementary material Fig. S1A and Movie 1). Similar neural tube defects were seen upon using the morpholino oligonucleotide GEF-H1b MO, which targets a different protein isoform and synergized with the GEF-H1a MO in co-injection experiments (supplementary material Fig. S1A ). GEF-H1a MO and GEF-H1 MO efficiently inhibited Xenopus GEF-H1a RNA translation in vivo (supplementary material Fig. S1B ), and both were used in subsequent loss-of-function studies. Importantly, coinjection of human GEF-H1 or Xenopus GEF-H1 RNAs lacking the morpholino target sequence significantly rescued neural tube defects in GEF-H1-MO-injected embryos (Fig. 1D,I ).
We examined cell and tissue morphology in stage-17 neurulae that had been unilaterally injected at the 4-8-cell stage with GEF-H1 MO and membrane-associated red or green fluorescent protein (RFP and GFP, respectively) RNAs as lineage tracers. Cryosections demonstrated that the neural fold failed to close at the GEF-H1-MO-or GEF-H1a-MO-injected side compared with the uninjected side or control-MO-injected embryos ( Fig. 1F-H; supplementary material Fig. S1A,C) . Examination of the superficial cell morphology confirmed a defect in apical constriction, an important cell behavior that accompanies neural tube closure (Fig. 1G,H,J) .
To confirm neural tube closure defects in GEF-H1-MOinjected embryos using a different assay, we visualized the neural plate boundary by whole-mount in situ hybridization for Sox2 (a pan-neural-tissue marker; Fig. 2 ). Sox2 was more broadly distributed and less intensely stained at the side of the embryo that had been injected with either of the two GEF-H1 morpholino oligonucleotides compared with the control side ( Fig. 2A,D,E) , which is consistent with the observed neural folding defects. All three morpholino oligonucleotides produced similar defects on the width of the Sox2 expression domain ( Fig. 2A ,D,E; data not shown). This defect was rescued by wild-type human GEF-H1 but not by the inactive form of human GEF-H1, which has the mutation Y393A ( Fig. 2A-C,F) , further suggesting that GEF-H1 activity is required for the morphogenetic behaviors that accompany neural fold formation. Taken together, these results reveal an essential role of GEF-H1 in cell shape changes that are associated with neural tube closure.
GEF-H1 regulates neural tube closure by affecting different cell behaviors
In order to understand how GEF-H1 depletion leads to neural tube closure defects, we wanted to examine specific cell behaviors in GEF-H1-depleted tissues at different developmental stages. Besides the altered cell shape in the closing neural tube in GEF-H1 morphants, we studied the effect of GEF-H1 morpholino oligonucleotides on apical constriction using several markers of apical constriction (Fig. 3) . We observed that the superficial neural plate cells on the side that had been injected with GEF-H1 MO failed to express phosphorylated regulatory myosin II light chain (MLC) and F-actin, known molecular markers of apical constriction (Choi and Sokol, 2009; Lee and Harland, 2007) (Fig. 3A-D) . Additionally, the superficial cells did not accumulate Rab11, a recycling endosome marker that has been implicated in neural tube closure (Ossipova et al., 2014) (Fig. 3E,F) . By contrast, these markers and tissue morphology were not affected by injection of the control MO (supplementary material Fig. S1D-F) . Taken together with the previously shown cell morphology data (Fig. 1G ,H,J), these findings further support the conclusion that the apical constriction of neural plate cells is abnormal in GEF-H1 morphants.
In addition to neural tube closure defects, we observed that non-neural ectoderm contains three to seven cell-layers at the GEF-H1-MO-injected side, in comparison with two cell-layers in the uninjected tissue in the majority of the injected embryos (n.30) ( Fig. 4A-C ; supplementary material Fig. S2A,B) . Of note, the lateral plate mesoderm was also wider at the injected side. The same effects were seen with GEF-H1a MO, but not with the control MO (data not shown). These observations suggest that, in addition to apical constriction, GEF-H1 is involved in cell intercalations, which occur both in neural and non-neural tissues. To exclude the possibility that GEF-H1 has an inhibitory effect on cell divisions, we assessed the number of mitotic cells by staining embryo sections with an antibody against phosphorylated histone 3 (H3), which recognizes only mitotic nuclei (Saka and Smith, 2001 ). The number of phosphorylated-H3-positive cells was not significantly different at the side that had been injected with the morpholino oligonucleotide versus that of the uninjected side (supplementary material Fig. S2C,D) . These results suggest that GEF-H1 regulates cell behaviors in both neural and nonneural tissues.
Epiboly is an early morphogenetic process that is driven by radial cell intercalations, which convert multilayered blastula ectoderm into two cell-layers that eventually spread over the entire embryo surface during gastrulation (Keller, 1991) . To assess the involvement of GEF-H1 in epiboly, we studied clone spreading in stage-11 embryos that had been unilaterally injected with GEF-H1 morpholino oligonucleotides at the four-to eightcell stage and then injected bilaterally with LacZ RNA at the 16-cell stage (Fig. 4D) . The side that received either of the two GEF-H1 morpholino oligonucleotides consistently showed more restricted distribution of b-galactosidase-positive cells in 30 out of the 35 examined embryos by contrast with that of the control side. This was confirmed by measuring the b-galactosidasepositive area at the uninjected side and at the side where GEF-H1 morpholino oligonucleotides had been injected ( Fig. 4E,F ; data not shown). These results suggest that GEF-H1 is required for early cell intercalations, which normally lead to dispersion of the clones before the midgastrula stage. Embryo cryosections revealed four to six ectodermal cell-layers in gastrula tissues that had been depleted of GEF-H1; by contrast, uninjected tissues had only two to three cell-layers ( Fig . These changes were visible as early as stage 10 in all sectioned embryos (n535), indicating that GEF-H1 is required in order for ectoderm to undergo radial intercalations. This epiboly defect might, therefore, contribute to subsequent neural tube closure.
We next investigated whether GEF-H1 is involved in other types of cell intercalatory movements, such as mesodermal convergent extension (Keller, 2002) . To investigate whether this cell behavior requires GEF-H1, we studied Xenopus ectodermal explant elongation in response to activin A (a mesoderm inducing factor), which is a useful test for morphogenetic cell behavior (Howard and Smith, 1993; Sokol, 1996) . Surprisingly, we observed no significant effect of GEF-H1 MO on activin-Ainduced explant elongation ( Fig. 4G-J) . By contrast, Xdd1 (a truncated form of Xenopus Dvl2) efficiently inhibited this behavior (Sokol, 1996 ; data not shown). These observations support a selective role of GEF-H1 in radial intercalations and apical constriction, but not in activin-dependent convergent extension of mesodermal cells.
GEF-H1 triggers ectopic apical constriction in embryonic ectoderm
To initiate the analysis of the pathway used by GEF-H1, we wanted to establish a gain-of-function assay for GEF-H1 activity in vivo. To prevent GEF-H1 inhibition by associated microtubules, we used constitutively active human GEF-H1 with the C53R mutation (GEF-H1-C53R) (Krendel et al., 2002) . RNAs encoding GEF-H1-C53R or wild-type Xenopus GEF-H1 were microinjected into animal blastomeres of four-cell embryos. By the onset of gastrulation, both RNAs caused tissue bending at the site of injection, accompanied by increased pigment granule accumulation (Fig. 5A,B) . These morphological changes are characteristic of apical constriction (Lee and Harland, 2007; Sawyer et al., 2010) . Indeed, these effects of GEF-H1 were indistinguishable from the activity of Shroom, an actin-binding PDZ domain-containing protein that is known to trigger apical constriction (Haigo et al., 2003; Hildebrand and Soriano, 1999) (Fig. 5C ). The effects of Xenopus wild-type GEF-H1 and constitutively active forms of human and Xenopus GEF-H1 were similar (data not shown), suggesting that wild-type GEF-H1 is not inhibited by microtubules in our experimental setting. The inactive forms of human and Xenopus GEF-H1, which have mutations in the Dbl homology domain that abolish nucleotide exchange activity of GEF-H1 (Krendel et al., 2002) , did not alter the normal appearance of the injected ectoderm, demonstrating that the effect requires the Rho GEF activity of GEF-H1 (supplementary material Fig. S3A-C ; data not shown). Examination of transverse cryosections confirmed that the superficial cell layer that expressed GEF-H1 frequently contained cells that were elongated along the apico-basal axis and comprised a reduced apical surface ('bottle cell' morphology) by comparison to that of the uninjected controls or cells that had been injected with the inactive form of human GEF-H1 (Y393A) ( Fig. 5D-J ; data not shown). These observations suggest that GEF-H1 is sufficient to stimulate ectopic apical constriction in Xenopus embryonic ectoderm.
To investigate how GEF-H1 triggers apical constriction, we first determined its subcellular localization in ectodermal cells. As the endogenous protein was not detected by using commercial antibodies, we visualized epitope-tagged GEF-H1 after it had been expressed in embryonic ectoderm. Both Myc-and hemagglutinin (HA)-tagged GEF-H1 proteins were enriched near the apical surface of the constricting superficial cells, in addition to the cytoplasmic and cortical localization in both superficial and inner ectoderm ( Fig. 6A,B ; data not shown). Inactive Xenopus Myc-GEF-H1 with the mutation Y444A was mostly cytoplasmic with little cortical localization (supplementary material Fig. S3D ,E). These observations suggest that apically localized GEF-H1 promotes the formation of the apical actomyosin contractile network that is essential for apical constriction. We therefore stained for the presence of Factin and phosphorylated MLC at the apical surface. Both markers were detectable in hyper-pigmented cells that expressed low amounts of GEF-H1, yet they were absent from the apical surface of the uninjected tissue (Fig. 6C,D,F,G) . Consistent with these findings, the overexpression of GEF-H1 and ROCK also increased the levels of phosphorylated MLC in western blot assays (Fig. 6E) . Additionally, the injection of GEF-H1 RNA resulted in the accumulation of c-tubulin, which has been implicated in the formation of polarized microtubule arrays in cells that constrict in response to Shroom (Lee et al., 2007a) (Fig. 6H,I ). These results support the possibility that GEF-H1 acts to locally activate actomyosin contractile filaments, which mediate apical constriction.
ROCK is involved in GEF-H1-dependent apical constriction
ROCK is a key effector of RhoA, which promotes the phosphorylation of the regulatory MLC (Vicente-Manzanares et al., 2009). We therefore tested the involvement of ROCK in GEF-H1-induced apical constriction. An N-terminal truncation form of ROCK, which acts in a dominant-negative manner (Marlow et al., 2002) , efficiently inhibited the apical constriction induced by either human or Xenopus GEF-H1 RNAs ( Fig. 7A-D; data not shown). Alone, dominant-negative ROCK caused depigmentation of blastula ectodermal cells (Fig. 7C) . The levels of phosphorylated MLC were increased in ectodermal cells that expressed active GEF-H1, but not in those that expressed the inactive mutant (Fig. 6E-G and Fig. 7E ). This ability of GEF-H1 to stimulate phosphorylation of MLC was also blocked by dominant-negative ROCK. Finally, we carried out transcriptional assays in Xenopus ectoderm cells that transiently expressed the serum response factor (SRF) and luciferase (SRF-Luc) reporter (Krendel et al., 2002; Posern et al., 2002; Posern and Treisman, 2006) . GEF-H1 efficiently upregulated SRF-Luc but not the control reporter, which had mutated SRF-binding sites. This reporter activation required ROCK (Fig. 7F) . Taken together, these results strongly indicate that GEF-H1 induces ectopic apical constriction through the activation of the RhoA-ROCK-myosin-II signaling pathway.
GEF-H1 controls intercalatory behavior by modulating myosin II activity in deep ectodermal cells
To further investigate how GEF-H1 regulates cell intercalations, we assessed the staining of phosphorylated MLC in deep ectoderm cells, in which we have manipulated GEF-H1 activity in gain-and loss-of-function experiments. At stages 10-11, deep ectoderm cells exhibited polarized MLC phosphorylation, with a lack of staining in the basal domain ( Fig. 8A ; supplementary material Fig. S4 ). Given the key role of phosphorylated MLC and myosin II in cell intercalations, this polarity might reflect the ability of these cells to intercalate between cells that are located more apically. We observed that overexpressed GEF-H1 marked apical cell protrusions that did not contain phosphorylated MLC (Fig. 8B) . Such protrusions were much more frequent in cells that expressed GEF-H1 by comparison with those that had not been injected (more than 30 embryos examined), indicating that GEF-H1 stimulates the protrusive activity in deep ectodermal cells. Moreover, in GEF-H1-MO-injected cells, but not in control-MOinjected cells, phosphorylated MLC staining was disorganized (Fig. 8C,D) . These observations indicate that, similar to apical constriction defects, the abnormal radial intercalation of GEF-H1 morphants that is revealed at early-gastrula stages is probably due to the inhibition of MLC phosphorylation.
DISCUSSION
This study addressed the functions of GEF-H1, a RhoA-specific GEF, in Xenopus embryogenesis. The knockdown of GEF-H1 resulted in neural tube defects, which are probably caused by abnormal cell intercalations and defective apical constriction in GEF-H1-depleted neuroectoderm. In gain-of-function experiments, we showed that GEF-H1 stimulates ectopic apical constriction in Xenopus ectoderm. Taken together, our experiments demonstrate a crucial role for GEF-H1 in cell behaviors that lead to vertebrate neural tube closure. These observations differ from those that have been previously reported for GEF-H1. One study has reported a modest effect of murine GEF-H1/Lfc on ectodermal competence in response to neural inducers (Morgan et al., 1999) . Two other studies have proposed a role for GEF-H1/Lfc in inhibiting convergent extension movements in response to microtubule depolymerization; however, the depletion of the reported GEF-H1 variant did not perturb normal embryonic development (Kwan and Kirschner, 2005; Zhou et al., 2010) . Because the previously described GEF-H1 cDNA sequence is not present in the National Center for Biotechnology Information (NCBI) databases, it is likely to encode a rare isoform of the protein.
Apical constriction is a morphogenetic process that underlies epithelial tissue folding in diverse developmental contexts, including neural tube closure (Lee and Harland, 2007; Sawyer et al., 2010) . GEF-H1-initiated apical constriction is ROCKdependent and leads to myosin II activation. So far, only a handful of proteins have been shown to trigger ectopic apical constriction. One of these proteins is Shroom (Haigo et al., 2003; Hildebrand, 2005; Hildebrand and Soriano, 1999) , which has been proposed to induce apical constriction through recruiting ROCK (Mohan et al., 2012; Nishimura and Takeichi, 2008) . During chicken lens pit invagination, the ability of Shroom to drive apical constriction has been linked to RhoA and the RhoA GEF Trio (Plageman et al., 2011) . Our analysis revealed remarkable similarities between GEF-H1 and Shroom, both in gain-and loss-of-function experiments, suggesting that the two proteins function in the same molecular pathway. Another protein that is involved in both apical constriction and neural tube closure is Lulu, also known as the FERM-domain-containing protein Epb4.1l5 (Chu et al., 2013; Lee et al., 2007b; Nakajima and Tanoue, 2012) . In cultured mammalian cells, Lulu can bind to and stimulate p114GEF (also known as ARHGEF18 in human), leading to ROCK and myosin II activation (Nakajima and Tanoue, 2012) . It will be important to confirm the connection between Lulu and p114GEF in diverse experimental models and to test the alternative possibility that Lulu regulates neural tube closure through GEF-H1. Of note, we have previously found that Xenopus Lgl1, a polarity protein that binds myosin II, also induces apical constriction and that this activity is under the control of Wnt signaling, but the mechanism of this regulation, and its possible connection to GEF-H1, remains to be clarified (Choi and Sokol, 2009; Dollar et al., 2005) . Interestingly, GEF-H1 has been implicated in Wnt3a-dependent neurite retraction and found to interact with the components of the Wnt pathway, mammalian DVL1 and DAAM1 (Tsuji et al., 2010) .
Besides apical constriction, ectoderm cell intercalation is also altered in GEF-H1 morphants at the gastrula and neurula stages. Multiple cell layers were observed in GEF-H1-depleted embryos, even before the onset of gastrulation, supporting the hypothesis that GEF-H1 is necessary for epiboly, which is largely driven by the radial intercalation of deep cells (Keller, 1980) . These early epiboly defects might be later responsible for abnormal neural tube closure in GEF-H1-depleted embryos. Alternatively, these neural tube defects might directly result from inhibited dorsal convergence at late-gastrula and/or early-neurula stages. Surprisingly, we found that ventral injections of GEF-H1 MO also led to incomplete neural tube closure. This suggests that nonneural ectoderm, which fails to converge towards the midline in GEF-H1-depleted embryos, might be partly responsible for the neural plate defects (data not shown). Attesting to the specificity of GEF-H1 in regulating ectodermal cell behaviors, mesodermal convergent extension of activin-induced animal pole explants was not inhibited by GEF-H1 MO. One potential explanation of this result is that GEF-H1 is required specifically for neural convergent extension, whereas WGEF, an unrelated Rho GEF, functions to regulate mesodermal convergent extension (Tanegashima et al., 2008) . Although mediolateral cell intercalations are thought to drive dorsal convergence both in mesoderm and neuroectoderm, the mechanisms that regulate this process in different germ layers are poorly understood (Elul et al., 1997; Keller et al., 1992a; Keller et al., 1992b; Keller, 1980) . Our results establish roles for GEF-H1 in multiple signaling processes that regulate cell shape and cell movements during neural tube closure. Surprisingly, mice lacking the GEF-H1/Lfc gene do not exhibit neural tube abnormalities (Meiri et al., 2012) , suggesting that this protein functions redundantly with other GEFs in neural tube closure. The pleiotropic roles of GEF-H1 in cell intercalations and apical constriction parallel the known functions of myosin II, reiterating the view that myosin II is a major cellular target of GEF-H1. Indeed, the changes in phosphorylated MLC that we observed upon modulation of GEF-H1 indicate that GEF-H1 exerts its effect on both cell intercalation and apical constriction by regulating myosin II activity. Nevertheless, the involvement of GEF-H1 in diverse cell behaviors might, in principle, be due to alternative molecular targets . Besides its direct regulation of RhoA, GEF-H1 binds to Cingulin to regulate tight junctions (Aijaz et al., 2005; Benais-Pont et al., 2003; Guillemot et al., 2008) . Moreover, GEF-H1 has been identified as a molecular substrate for PAR-1, a component of the apical-basal polarity network (Yamahashi et al., 2011; Yoshimura and Miki, 2011) . Based on the interaction of GEF-H1 with the exocyst component Sec5, Pathak and colleagues (Pathak et al., 2012) proposed that the local activation of RhoA by GEF-H1 stimulates exocytosis. Consistent with these findings, we observed that the apical accumulation of Rab11 in the neural plate is lost in GEF-H1-depleted cells. Whereas Rab11 is a strong marker of apical constriction (Ossipova et al., 2014) , the causal relationship between GEF-H1-mediated Rab11 recruitment and RhoA activation is, presently, unclear. Future studies are needed to determine which of the identified molecular targets are involved in the regulation of specific morphogenetic cell behaviors by GEF-H1.
MATERIALS AND METHODS
DNA constructs and morpholinos
The clone for Xenopus laevis GEF-H1 was obtained from Open Biosystems (GenBank accession number BC072246). Plasmids encoding the human GEF-H1-C53R and human GEF-H1-Y393A, which were fused to enhanced GFP (Krendel et al., 2002) were a gift from Celine Dermardirossian (Scripps Research Institute, La Jolla, CA). These constructs were subcloned into pXT7 for RNA injections. Pfu-Idirected mutagenesis, followed by DpnI digestion, was performed to generate wild-type human GEF-H1 and Xenopus Myc-GEF-H1-Y444A as described previously (Makarova et al., 2000) . Xenopus GEF-H1a-HA, with and without morpholino oligonucleotide target sequences, were constructed by using 59-GGTGAATCGGGGATCGTACCCATACG-ATGTTCCAGATTACGCTTCGGAGAGTTAAAGATGC-39 and 59-CG-CGTCCGGGCGTATACTCAATGGTCGGTGGGAAATCC-39 primers, respectively. Myc-GEF-H1 was constructed by subcloning the full-length Xenopus GEF-H1a insert into pCS2-Myc. To generate GFP-MLC-pXT7, an insert corresponding to chicken MLC fused with GFP (Ward et al., 2002) was subcloned into the vector pXT7. The other plasmids constructs were pCS2-LacZ, the plasmid pCS2 encoding nuclear LacZ (Turner and Weintraub, 1994) ; pCS2-memRFP, encoding membrane associated RFP (a gift from Sean Megason, Harvard Medical School, Boston, MA); pCS2-mGFP, encoding membrane associated GFP (Ossipova et al., 2007) ; wild-type and dominant-negative ROCK (Marlow et al., 2002) ; and pCS2-ShroomL, encoding the long form of Shroom3 (Hildebrand and Soriano, 1999) . Details of cloning are available on request.
NCBI database searches identified two Xenopus laevis GEF-H1 cDNAs (accession numbers: BC072246 and NM_001136164, which are referred to as GEF-H1a and GEF-H1b, respectively, in this study). The two forms of GEF-H1 diverge only in the 59-untranslated sequence and several Nterminal amino acids, probably due to alternative splicing. RT-PCR analysis revealed expression of GEF-H1a RNA in gastrula ectoderm as previously reported (Morgan et al., 1999) , but GEF-H1b RNA was poorly detectable under the same conditions (data not shown). Therefore, subsequent analysis was restricted to GEF-H1a. For knockdown studies, three different morpholino oligonucleotides were obtained from GeneTools (Ekker, 2000; Heasman et al., 2000) with the following sequences: GEFH1a MO, 59-AGGTGCGGTCAATGCCGGACATTGA-39; GEF-H1 MO, 59-ACATTGAGACGGATTTGGACAGAGG-39; GEF-H1b MO, 59-GGACCACCCTGTTGCTGCATCTTCT-39. These differ from GEF-H1/ Lfc morpholino oligonucleotide sequences that have been reported previously (Kwan and Kirschner, 2005; Zhou et al., 2010) . The sequence of the control MO was 59-GCTTCAGCTAGTGACACATGCAT-39.
Embryo culture, microinjections, clonal analysis, in situ hybridization and animal cap assay Eggs and embryos were obtained from Xenopus laevis and cultured in 0.16Marc's modified Ringer's solution (MMR) (Newport and Kirschner, 1982) as described previously (Itoh et al., 2005) . Staging was performed as described previously (Nieuwkoop and Faber, 1967) . For microinjection, embryos were transferred to 3% Ficoll in 0.56MMR and injected at the 4-8-cell stage with 5-10 nl of a solution containing RNAs and/or morpholino oligonucleotides. Capped synthetic RNAs were generated by in vitro transcription with SP6 or T7 RNA polymerase using the mMessage mMachine kit (Ambion) from the corresponding DNA templates.
For clonal analysis, morpholino oligonucleotides against GEF-H1 were injected into one dorsal blastomere of four-cell embryos, followed by injections of LacZ RNA into two dorso-lateral blastomeres of 16-cell embryos. b-galactosidase staining was carried out with Red-Gal (Research Organics) and reinforced by bleaching in 1% H 2 O 2 , 5% formamide in 0.56 saline sodium citrate buffer, following standard protocols (Harland, 1991) . Clone spreading was quantified at stage 11 by comparing the average diameters of b-galactosidase-positive areas on the left (control) and on the right (injected with morpholino oligonucleotide) sides, relative to the whole embryo length.
Ectopic apical constriction was examined at blastula stages after GEF-H1 RNA injections into two animal ventral blastomeres of 4-8 cell embryos. Each group contained 15 to 30 embryos in several independent experiments. Optimal doses of RNAs were determined in separate doseresponse experiments for individual RNAs. Whole-mount in situ hybridization with an antisense Sox2 probe (Mizuseki et al., 1998) was performed when the injected embryos reached stages 14-15, as described previously (Harland, 1991) . Neural tube defects were quantified by comparing the width of the Sox2 expression domain at the mid-hindbrain level for the injected and the uninjected sides. Images were taken by using a Leica stereomicroscope and using the Openlab software.
For animal cap assays, injections were carried out into four animalpole blastomeres at the 4-8-cell stage. When control embryos reached stage 8, ectodermal explants were excised and cultured in 0.16MMR containing 0.1 mg/ml bovine serum albumin with or without 0.5 ng/ml activin A. The explants were cultured until stages 15-16 to observe elongation phenotypes. Each group consisted of 10-15 explants. These experiments were repeated three times.
Immunostaining and cell shape analysis
For cryosectioning, embryos were devitellinized at the necessary stage, fixed in MEMFA or Dent's fixative for 1-2 hours, and embedded in 15% fish gelatin and 15% sucrose solution as described previously (Ossipova et al., 2007) . The embedded embryos were frozen in dry ice and sectioned at 10-12 mm using a Leica CM3050 cryostat. The cell shape in neuroectoderm was analyzed in cryosections that had been stained with an antibody against b-catenin, which marks cell boundary of all cells at neurula stages. The shape of neural plate cells was scored as the ratio of the apical-basal length to the apical width for 5 to 7 superficial cells that were adjacent to the dorsal midline.
For indirect immunofluorescence, embryo sections were stained with a rabbit antibody against b-catenin (Santa Cruz, 1:400), a rabbit antibody against phosphorylated histone 3 (Cell Signaling, 1:200), a mouse antibody against Myc (clone 9E10) (Roche, 1:50 from hybridoma supernatant), a mouse antibody against GFP (clone B2, Santa-Cruz, 1:200), a rabbit antibody against c-tubulin (Abcam, 1:100), a rabbit antibody against Rab11 (Invitrogen, 1:100), a rabbit antibody against HA (Bethyl Laboratories, 1:2000) and Alexa-Fluor-488-, Alexa-Fluor-555-conjugated (Invitrogen, 1:200) or Cy3-conjugated (Jackson Immunoresearch, 1:200) secondary antibodies. F-actin was detected by using Alexa-Fluor-568-conjugated phalloidin (4 units/ml, Invitrogen). RFP fluorescence was visualized directly without immunostaining. Sections were stained with 1 mg/ml DAPI and mounted by using Vectashield mounting media (Vector). For phosphorylated MLC staining, by using a rabbit antibody against phosphorylated MLC (Abcam, 1:100), gastrula-stage embryos were fixed in 2% trichloroacetic acid (TCA) for 30 min and washed in PBS+0.3% Triton X-100 for 30 min (Nandadasa et al., 2009 ). For Myc-or HA-tagged GEF-H1 localization, embryos were fixed, cryosectioned and subjected to indirect immunofluorescence. Similar protein localization patterns were observed for differently tagged GEF-H1 constructs using either Dent's or TCA fixatives (data not shown). Staining patterns were reproduced in at least three independent experiments. Representative sections of experimental groups (each containing 10-15 embryos) are shown. Imaging was performed by using a Zeiss AxioImager microscope.
Western blotting analysis and luciferase assays
Western blotting analysis was performed using standard techniques as described previously (Itoh et al., 2000) . Four-cell to eight-cell embryos were injected with RNAs encoding GFP-GEF-H1-C53R, GFP-GEF-H1-Y393A, GFP-MLC, wild-type or Myc-dominant-negative-ROCK. Whole lysates were prepared from five embryos at stage 8.5 or 10.5-11. For testing morpholino oligonucleotide specificity, four animal-pole blastomeres of 4-8-cell embryos were injected with Xenopus GEF-H1-HA RNA6GEF-H1a MO, GEF-H1 MO or control MO, and whole lysates were prepared from six embryos at stage 10+. The antibodies used were against phosphorylated MLC (Abcam, 1 in 500), Myc (clone 9E10, Roche, 1 in 200), HA (clone 12CA5, Roche, 1 in 200), GFP (Santa Cruz, clone B2, 1/1000) and a-tubulin (Sigma, 1 in 100,000).
For luciferase activity assays, 20 pg of plasmid DNA for the SRF reporter p3DA.luc or the mutated control reporter p2MA.luc (Busche et al., 2008; Posern et al., 2002) was co-injected with GEF-H1-C53R and/or dominant-negative ROCK RNAs into two dorsal-animal blastomeres at the 4-8-cell stage. Luciferase activity was measured when sibling embryos reached stage 11, as described previously (Fan et al., 1998) .
Supplementary Material: Movie S1 and supplementary figures S1-S4 Movie S1. Neural tube closure defect in an embryo unilaterally depleted of GEF-H1.
Time-lapse images were taken every 10 min for an embryo unilaterally injected with 25 ng of GEF-H1 MO during early neurula stages (st. 13 to st. 16). 
